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are produced non-thermally in inflaton decays. We make a comprehensive 
study on the leptogenesis assuming various super symmetric (SUSY) models 



Qh. for hybrid, new and topological inflations. For an estimation of the lepton 



asymmetry we adopt the Froggatt-Nielsen mechanism for mass matrices of 



^ \ quarks and leptons. We find that all of these models are successful to produce 

H ; 

5t , the lepton asymmetry enough to explain the baryon number in the present 

universe. Here we impose low reheating temperatures such as Tr ^ 10^ GeV 
in order to suppress the abundance of gravitinos not to conflict with the big- 
bang nucleosynthesis. Furthermore, we find that the leptogenesis works very 
well even with Tr ~ 10^ GeV in the SUSY hybrid or new inflation model. 
It is known that such a reheating temperature is low enough to suppress 
the abundance of gravitinos of mass m^i2 — 100 GeV-1 TeV. Thus, the 
leptogenesis is fully consistent with the big-bang nucleosynthesis in a wide 
region of the gravitino mass. 
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I. INTRODUCTION 



It was first pointed out by 'tHooft in 1976 that instanton-like nonperturbative effects 
violate baryon-number conservation in the standard electroweak gauge theory j^. These 
effects are exponentially suppressed by a large factor at zero temperature and hence the 
stability of proton is practically guaranteed. Kuzmin, Rubakov and Shaposhnikov suggested 
0, however, that the baryon-number violation is not suppressed and can be even efficient at 
high temperatures above the electroweak phase transition. These baryon-number violating 
( "sphaleron" ) processes conserve a linear combination of baryon (B) and lepton (L) numbers, 
that is, B — L. Therefore, if the baryon asymmetry was generated in the early universe 
with B — L conserving processes as in the standard SU (5) grand unified theory, all baryon 
asymmetry would be washed out by the "sphaleron" effects [Q.Q The existence of baryon 
(matter-antimatter) asymmetry in the present universe, thus, indicates that the B — L 
violating processes played an important role on generating the baryon asymmetry in the 
early universe. 

It is quite natural to consider that such B — L violating interactions induce effective 
operators of B — L violation at low energies. The lowest dimensional possible operators in 
the electroweak gauge theory is 

O = ^kliHH , (1) 

where U {i=l, 2, 3) and H denote lepton doublets and the Higgs scalar field, respectively, 
and M is the scale of B — L violation. These operators induce small neutrino masses in the 
vacuum (H) ~ 246/ GeV 0. There is now a convincing experimental evidence that 
one of neutrinos has indeed a small mass of order 0.1 eV, which would encourage us to 
continue the above consideration to some extent. 



This is not the case if the baryon asymmetry is produced after or during the electroweak phase 
transition (see Refs. 0] and |5|). 
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The lepton (or B — L)-number violating operators (|T]) arise from the exchange of heavy 
Majorana neutrinos Ni {i = 1, 2, 3) 0. Decays of these heavy neutrinos Ni produce very 
naturally lepton (or B ~ L) asymmetry if C and CP are not conserved |p. The produced 
lepton asymmetry is converted to baryon asymmetry through the "sphaleron" effects in the 
early universe Therefore, the leptogenesis seems the most natural mechanism to account 
for the baryon asymmetry in the present universe. 

There have been, so far, proposed various scenarios for the leptogenesis depending on 
production mechanisms of the heavy Majorana neutrinos Ni [pHTlH. Among them the most 
conventional is the thermal production of Ni in the early universe. The detail analysis 
shows that sufficient lepton asymmetry to explain the present baryon asymmetry can be 
obtained if the reheating temperature Tr of inflation is (9(10^°) GeV. However, when we 
consider the leptogenesis in the framework of supergravity, we have a cosmological gravitino 
problem: too many gravitinos are produced with Tr = C(10^°) GeV to maintain the success 
of the big-bang nucleosynthesis (BBN) [|1^]. One way to solve the problem is to assume 
that the gravitino is the lightest supersymmetry (SUSY) particle of mass 7713/2 — 10-100 
GeV |T^.0 Although this solution is a consistent and even interesting possibility, it is very 



important to find other leptogenesis scenarios consistent with the BBN in a wide region of 
the gravitino mass 7713/2 — 100 GeV-1 TeV. 

In a recent article |jl5| we discussed leptogenesis via decays of the heavy Majorana neutri- 
nos produced non-thermally in infiaton decays and found that the desired amount of lepton 
asymmetry is obtained for Tr ~ 10^ GeV. In this case the gravitino of mass 7773/2 — SOOGeV- 
1 TeV becomes consistent with the BBN [|12|. The purpose of this paper is to perform a 
detailed analysis on the leptogenesis, adopting a larger class of infiation models. We find 
that the required lepton asymmetry ni/ s ^ —10^^° (the ratio of the lepton-number density 

to the entropy density of the universe s) can be obtained even for Tr ~ 10^ GeV in 



^ Another solution is to consider 7713/2 ^ 1 keV ]l^]. 
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some of the inflation models, and hence we conclude that there is no cosmological gravitino 
problem in the interesting wide region of the gravitino mass ^3/2 — 100 GeV-1 TeV. We 
assume SUSY and hence supergravity throughout this paper. 

In Sec. |I| we review briefly the lepton-number production in the decays of the heavy 
Majorana neutrinos. The magnitude of the lepton-asymmetry parameter ei depends on 
various Yukawa coupling constants {h,,)ij and the mass ratios Mi/Mj {Mi denote masses of 
the Ni). For an estimation of ei we adopt the Froggatt-Nielsen model |]16| for mass matrices 
of quarks and leptons including Ni, since it is very "successful" in explaining the observed 
mass hierarchies and mixing angles. The leptogenesis in a hybrid inflationary universe is 



discussed in Sec. [II, where we consider two different types of SUSY hybrid inflation models. 



In Sec. |I^ we discuss the leptogenesis in a SUSY new inflation model. We also consider the 
case of a SUSY topological inflation in Sec. 0. The last section is devoted to discussion and 
conclusions. 



II. LEPTON ASYMMETRY IN DECAYS OF HEAVY MAJORANA NEUTRINOS 

Before discussing lepton-number generation in decays of the heavy Majorana neutrinos, 
we briefly review the Froggatt-Nielsen (FN) model [0 for mass matrices of quarks and 
leptons. We adopt the FN model throughout this paper, since it seems the most attractive 
mechanism for explaining the observed hierarchies in the quark and charged lepton mass 
matrices. The model is based on a broken U{l)p family symmetry. A gauge-singlet field $ 
carrying the FN charge Q$ = —1 is assumed to have a vacuum-expectation value (vev) ($) 7^ 
and then the Yukawa couplings of Higgs supermultiplets arise from nonrenormalizable 
interactions of $ as 

= (7,,<l>«'+«^^,^,if,(,) , (2) 

where Qi are the FN charges of various supermultiplets \E'i, gij 0{1) coupling constants. Hu 
and Hd are Higgs supermultiplets which couple to up-type and down-type quarks, respec- 
tively. Here and hereafter, we take the gravitational scale Mq ^ 2.4 x 10^^ GeV equal to 
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TABLE I. The FN charges of various supermultiplets. We assume a = or 1 and 6 < c < d in 
the text. 



unity. The mass hierarchies for quarks and charged leptons are well explained in terms of 
their FN charges listed in Table | with e = ($) 1/17 ||T^. The charges for e\ are taken to 
be the same as those of up-type quarks assuming that they belong to the same lO's in the 



SU{^) grand unified theory. The charge a of the /s may be or 1 (see Ref. for details). 

We apply the above mechanism to the heavy neutrino sector. Possible FN charges of 
the heavy Majorana neutrinos are also found in Table |. Then, Majorana masses Mj of the 
heavy neutrinos A^j are given by 



(3) 



where Qi denote the FN charges of Ni and Mq some mass scale of the B — L breaking (see 
discussion in the next section). Furthermore, with the FN charges of the lepton doublets U 
in Table | the see-saw mechanism induces a mass matrix for neutrinos [1^,18 

/ o 



as 



2a 



e e t 
e 1 1 
e 1 1 



Mn 



(4) 



As shown in Ref. [|T7| , this mass matrix leads to a large f^-Ur mixing angle which is consistent 
with the atmospheric neutrino oscillation observed in the Superkamiokande experiments [0 . 
From the observed value of the mass squared difference for neutrinos Vi {i = 1, 2, 3), 



2 2 

mf, — mf. 



(0.5-6) X 10 ^ eV^ [0, we find the mass of the heaviest neutrino 1/3 as m^,^ ~ 
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(2-8) xlO ^ eV, provided a mass hierarchy, m^^ ^ m^^. Then, we may derive^ 

/if \2 ^ I (0.3-1) X 10^^ GeV for a = 

Mo ~ e2a^^ ^ e^''{0.3-l) x 10^^ GeV ~ <^ . (5) 

"^^3 I (1-3) X 10^2 GeV for a = l 

We are now at the point to see generation of the lepton asymmetry in decays of the 
heavy Majorana neutrinos. Because the decays of the heavy Majorana neutrinos Ni into 
lepton Ij and Higgs Hu doublets have the following two distinct decay channels; 

N.^TTu + T,, (6) 

the interference between decay amplitudes of tree and one-loop diagrams results in the 
lepton-number asymmetry if CP is not conserved p|. Here and hereafter, Ni, and 
Hu{Hu) denote fermionic or scalar (bosonic) components of corresponding supermultiplets 
unless we explicitly distinguish them. We consider only the A^^i decay, provided that the 
mass Ml is much smaller than the others (Mi <C M2, M3, i.e., d > b,c). From Eqs. (^) and 
(I) the Ml is evaluated with the FN charge d as 

I (1-3) X 10^2 for a + d=l 

Ml ~ e^'^Mo - < • (7) 

I (0.3-1) X 10^° GeV for a + d = 2 

In the following analysis, we only consider the case a + d= loTa + d = 2. The total decay 
width of the A''i, F^r-^, is given by 

1 I (0.3-1) X 10^ GeV for a + d = l 

I (0.3-1) X 10^ GeV for a + d = 2 
The lepton asymmetry produced in the A''i decay is represented by a parameter ei, which is 



calculated as 19,20 



^ We assume, in this paper, tan/3 = (Hu) / {Hd) — 1 and hence {Hu) — 123 GeV. Even if one takes 
a larger tan/3 ~ 50, the discussion in the text does not change too much (i.e., the obtained lepton 
asymmetry is reduced only by factor 2). 
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Here we have taken a basis where the mass matrix for Ni is diagonal and the Yukawa 
couphngs {hy)ij are defined in the superpotential as = {hy)ijNiljHu- We have included 
both of one- loop vertex and self-energy corrections pO[.P| 

The FN model [see Eqs. (0) and (^] allows us to rewrite the lepton-asymmetry parameter 
ei in Eq. (H) by using an effective CP- violating phase 5efr as [|1^ 



35, 
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1677 {Khl)^^ 
3(5cfr my^Mi 
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(10) 
(11) 



where we have also used Eq. (D to derive the last equation (pH]) . Notice that the asymmetry 
parameter ei depends only on the FN charge {a + d). Taking the maximum CP violating 
phase \6es\ ~ 1, we obtain |jl8 

-2 X 10-^ for a + d = l 
-7 X 10"^ for a + d = 2 



ei 



(12) 



-(1-3) X 10" 



Ml 



(13) 



,1010 GeV. 

Let us now assume that the heavy neutrinos A'^i are produced in infiaton (p decay, which 



leads to a constraint on the infiaton mass m,„ as 



> 2Mi, 



(14) 



and calculate a net lepton-number asymmetry created via the decays of A^i. First of all, 
we restrict ourselves only to infiation models with reheating temperatures Tr being lower 



^ A^i in Eq. (^ denotes fermionic or scalar component of the supermultiplet A^i. Thus, the 
lepton-asymmetry parameter ei in the decay of scalar component A'^i is the same as that in the 
decay of fermionic component A'^i. 
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than 10^ GeV to avoid overproduction of the gravitinos. In this case the produced heavy 
Majorana neutrinos A^^i are always out of thermal equilibrium since Mi ^ IOTr [see Eq. 
(0) and discussions in subsequent sections] and the A^^i behave like frozen-out, relativistic 
particles with the energy of E^^ = Furthermore, the A^^i decay immediately after 

produced in the inflaton ip decay as we will see in the subsequent sections. With these 
conditions we may easily estimate lepton-to-entropy ratio as [|lOl 

'^L 3 Tr 

— ~ -eiBr 

s 2 

where Br is the branching ratio of the inflaton decay (f NiNi channel. Notice that the 
reheating temperature Tr is bounded from below, Tr > 10^ GeV, otherwise the produced 
lepton asymmetry is too small to explain the baryon number in the present universe. 

The lepton asymmetry in Eq. (^) is converted to the baryon asymmetry through the 
"sphaleron" effects which is given by 

^ ^ a^, (16) 

s s 

with a ~ —8/23 in the minimal SUSY standard model. To explain the observed baryon 
asymmetry 

^ ~ (0.1-1) X 10-10, (17) 
s 

we should have the lepton asymmetry 

^ ~ -(0.3-3) X 10-1°. (18) 



In the subsequent sections JT|, and we will examine whether the required lepton 



asymmetry Eq. ([T8|) is obtained with low enough reheating temperature of Tr ^ 10* GeV to 
avoid the cosmological gravitino problem. For practical calculations we will use three types 
of SUSY models for hybrid, new and topological inflations. 



8 



III. LEPTOGENESIS IN HYBRID INFLATION 



In this section we perform a detailed analysis on hybrid inflation models and examine 
whether they can provide us with sufficient lepton asymmetry to account for the baryon 
asymmetry in the present universe, avoiding overproduction of the gravitinos to maintain 
the success of the BBN. Before discussing hybrid inflation models, we show first a particle- 
physics model for the heavy Majorana neutrinos Ni. 

A simple extension of the SUSY standard electroweak gauge theory is given by consider- 
ing the gauged B — L symmetry, in which right-handed neutrinos are necessary to cancel 
B — L gauge anomaly. We introduce standard-model gauge-singlet supermultiplets '^{x,6) 
and '^{x,9) carrying B — L charges +2 and —2, respectively, and suppose that the B — L 
symmetry is spontaneously broken by the condensations (\1') = (\E') at high energies]^ The 
heavy neutrinos acquire Majorana masses through the following superpotential;^ 

W = ^^gMN,"^ . (19) 

Here we have taken a basis where the above Yukawa coupling matrix g is diagonal. We 
assume that \E' and ^! have zero FN charges and then the Mq in Eq. (|^) is 

Mo ~ (^) = W . (20) 

Namely, the B — L gauge symmetry is broken down at the scale about 10^^ GeV or 10"*^^ 
GeV, generating large Majorana masses of the right-handed neutrinos Ni [see Eq. (|^)].Q 
A superpotential causing the B — L breaking is given by 

W = -iJ(f) + A0^^ , (21) 

^ We always take \I' = ^ to satisfy the D-term flatness condition of the U{1)b-l- 

^ Lazarides has discussed the leptogenesis in the hybrid inflation assuming the nonrenormal- 
izable superpotential W = {g[/'2)NiNi^'^ , where the B — L charge of ^' is taken as +1. 

^ This model is easily embedded in the 5*0(10) grand unified theory. 
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where 9) is a gauge-singlet supermultiplet, A a coupling constant and fi a dimensional 
mass parameter. Notice that this superpotential possesses a U{1) i?-symmetry where the </> 
and \[^\[^ have U{1)r charges 2 and 0, respectively. The potential for scalar components of 
the supermultiplets (f){x,9), \E'(x,6') and \E'(x,6') is given by, in supergravity, 

V = e^ {{ f/^^ ] D,^WD,*W* -^IW]"^} +D-terms, (22) 



dzjdzj 



where 



dW dK 

D,,W = ^ + ^W , (23) 

and zj denote scalar components 0, \1/ and \l/ of the corresponding supermultiplets. Here we 
have assumed the i?-invariant Kahler potential for 0, \1/ and \1/ as 

|0|2+|^|2+|^|2 + ^|^|4^... ^ (24) 

where the ellipsis denotes higher-order terms which we neglect in the present analysis. Then, 
we have a SUSY-invariant vacuum^ 

m = = \/x ' 

(0) = . (25) 



It is quite interesting to observe that the superpotential (|2lD is nothing but one proposed 
in Refs. [p3| , ^ for a SUSY hybrid inflation model. The real part of is identified with the 
infiaton field ip/ \/2. Furthermore, the potential is minimized at \E' = \E' = when Lp is larger 



than = Y2/i2/A, and hybrid inflation occurs for < V ^ ^ = ^ 0- Including 
one-loop corrections [^] the potential for the infiaton ip is given by, for ip > ipc, 



Vc^fi' + ^/iV' + 4 Uk' + 7k + 2) /.V' 
Z Lb ^ ' 



^1287r2 



2A2 ; ' ^-1 \^ ^2J • \r • ^cj ^ ^2 



(26) 



* We take a basis where /x^ and A are real and positive by using the phase rotations of and 
Using the B — L rotation we choose {^) to be real and positive. 
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where A denotes the renormahzation scale. Here we have included in the inflaton potential 
/i^V^"^ terms induced by the Kahler potential ( p^ since the initial value of the inflaton field 
is close to 1.0 The mass of the inflaton in the true vacuum Eq. ( pSj ) is estimated as 



m 



2Xfi. (27) 



Let us now discuss the inflation dynamics. The slow-roll conditions for inflation are given 

by m, 



1 fv^ 

2 [V 



2 



V" 



< 1, (28) 
< 1, (29) 



V 

where the prime denotes the derivative with the inflaton field. These conditions are satisfied 
when > ifc, X < 1 and 1 > A; > 0. Therefore, while the inflaton rolls down along the 
potential ( p6D from ipj {1 ^ ipi > ipc) to ipc, the vacuum energy /i^ of the potential dominates 
the energy of the universe and hence the hybrid inflation takes place | |26| ]. 

After the inflation ends, the vacuum energy is transferred into the energies of the coherent 
oscillations of the inflaton Lp and the scalar field S = (\1' + ^)/ ^/2. The radiations of the 
universe are produced by the decays of the (f and/or S field and the universe is reheated at 
the temperature Tr. In order to estimate the reheating temperature Tr we have to know 
total decay rates of these scalar fields. Through the interactions in the superpotentials 
(pj|) and (21), the inflaton (p decays into scalar components A^i of the A^i supermultiplet, if 



kinematically allowed, with the rate 

, 1 M^m^ ( AM^V''^ , , 

r,.r(^^iv.A',) = gj^^(i-^j . (30) 

The S field decays into scalar and fermionic components of the A^^i with 



^ We have neglected the //^(/?^ terms coming from the higher order interactions in the Kahler 
potential (e.g., K = K'\(f)\^). 
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if ms > 2Mi. Notice that the inflaton (f forms a massive supermultiplet together with 
the S field in the vacuum (|25| ) and the mass of the S field is equal to the inflaton mass 

Since the S field has a non-zero vev, the S decays also through nonrenormalizable inter- 
actions in the Kahler potential,^ 

= ^c,|S|V*r, (33) 

i 

where ipi denote supermultiplets of the SUSY standard-model particles including the heavy 
Majorana neutrinos, and q coupling constants of order unity. Then the decay rate by these 
interactions is estimated as 

r(S ^ ^ 1-C{^)'ml, (34) 



where C = yj^cf is a parameter of order unity. In the following analysis we take C = 1. 
Comparing the rate (|3^) with Eqs. (0) and (|3^), we easily see that the total decay rate 



of the S field is determined by Eq. (H) since Ts ~ r(S ^ A^iiVi) > r(S ^ A^iA^i) for 
ms > 2Mi. 

We assume = > 2Mi as discussed in the previous section [see Eq. (0)], and 
hence the decays of the inflaton and the S field take place at the almost same time because 
of F;^ ~ Fs. Thus, the reheating temperature Tr is estimated by the total decay width of 
the S field as 



Tn ~ 0.46Vrs . (35) 
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The decays of the S field through the B — L gauge-multiplet exchanges are neghgible. 
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The total decay rate of the E field is much smaller than the decay rate of the A^i [see Eq. 
(§)] and the A^^i decays immediately after produced in the S decay. This guarantees the 
validity of the formula of the lepton asymmetry given by Eq. (|15|). Here it should be noted 
that the branching ratio of the S (inflaton ip) decay into two Ni (Ni) in Eq. ( [T5| ) is i?^ — 1- 
The above hybrid infiation must explain the following two observations: (i) the e-hold 
number Ne of the present horizon and (ii) the density fiuctuations observed by the cosmic 
background explorer (COBE) satellite. While the infiaton ip rolls down along the potential 
(p6|) from (fN^ to (fc, the scale factor of the universe increases by e^". This e-fold number 
Ne is given by 

In order to explain the present horizon scale, the e-fold number should be 

Ne = 67 + ^ln {HjTn), (37) 

where Hj ~ yU^/y^ denotes the Hubble parameter during the infiation. Furthermore, the 
amplitude of the primordial density fiuctuations 6p/p predicted by the hybrid infiation, 

should be normalized by the data on anisotropies of the cosmic microwave background 



radiation (CMBR) observed by the COBE satellite ||2^, which gives 

^'^'(y^^^) ~ 5 3 X 10-^ (39) 

From Eqs. (|37|) and (|39|) the scale p of the hybrid infiation is determined for given A 
and k. We have performed numerical calculations and the obtained p is shown in Fig. |1|. 
(Note that we find no sizable difference in the scale p for between a + d = 1 and a + d = 2.) 
We should exclude the region where (pN^ ~ 1, because our effective treatment of the inflaton 
potential (^^) becomes invalid in that region. The vev of \1/ and the inflaton mass m<^ are 
found in Figs. |^ and |^, respectively. It is interesting that as shown in Fig. ^ the scale of 
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FIG. 1. The contour lines of the scale /U in the hybrid inflation model. The contour lines are 
all shown by the dotted lines and corresponding values of are also represented in unit of GeV. 
The upper bound on k from the requirement ip^^ < Mq is shown by the thick solid line. 

the B ~ L breaking is predicted as (\&) ^ (1^5) x 10^^ GeV in a wide parameter region, 
10"^ < A < 10"^ and k < 10"^, which is very consistent with Mq ~ 10^^ GeV (i.e., a = 0) 
derived from the observed neutrino mass [see Eq. (|5|)]. On the other hand, the lower value 
of the B — L breaking scale of Mq — 10^^ GeV (a = 1) cannot be obtained in the present 
hybrid inflation model. 

The reheating temperature Tr depends on the mass of the lightest Majorana neutrino. 
Ml [see Eqs. and (^]. We show the Tr in Figs. | and | for the case Mi ~ lO^^ 

GeV {a + d = 1) and for the case Mi ~ 3 x 10^ GeV (a + = 2), respectively. It is 
found that for the region of the infiaton mass m^p = ^ 2Mi the reheating temperature 
Tr < 10*^ GeV, which is required to avoid the cosmological gravitino problem, is obtained 
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FIG. 2. The contour lines of the vev {^) in the hybrid inflation model. The contour lines are 
all shown by the dotted lines and corresponding values of {^) are also represented in unit of 10^^ 
GeV. The upper bound on k from the requirement ipN^ < Mq is shown by the thick solid line. 

only for the case Mi ^ 3 x 10^ GeV {a + d = 2). Notice that for the region m^p < 2Mi the 



reheating temperature is determined by the decay width ( |3^ and the desired low reheating 
temperature is obtained even for the case of Mi ^ 10^^ GeV {a + d = 1). However, such cases 
are not interesting since the Ni are not produced in the (p and E decays and leptogenesis 
does not take place. 

We now examine whether the leptogenesis works well or not in the above hybrid inflation 
model. Since the heavy Majorana neutrinos A^i are produced in the decays of the inflaton 
(p and the S field, the mass of the infiaton should satisfy Eq. (|14D- As derived in Sec. ||, 
the ratio of the produced lepton number to the entropy, ul/s, is given by Eq. (|^). Notice 
that Br — 1 in the present hybrid inflation. We show in Figs. ^ and |^ the ni/s for the 
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FIG. 3. The contour lines of the inflaton mass in the hybrid inflation model. The contour 
lines are all shown by the dotted lines and corresponding values of m^p are also represented in unit 
of GeV. The upper bound on k from the requirement 99 at^ < Mq is shown by the thick solid line. 

cases a + d = 1 and a + = 2, respectively. First, we consider the case of Mi ~ 10^^ GeV 
{a + d = 1). We find from Fig. ^ that the lepton asymmetry enough to explain the present 
baryon asymmetry can be generated in a wide parameter region. However, we have too 
high reheating temperature of Tr ~ 10^-10^^ GeV as mentioned before.0 (This parameter 
region may be interesting when some entropy production of order 10^-10^ takes place at low 



For the higher reheating temperature of Tr ^ 10^^ GeV, the formula of the lepton asymmetry 
( JlSD should not be verified, since Mi/Tr ^ 10 and the inverse decay process of the A'^i might be 
effective. However, this does not affect our conclusion, because we concentrate ourselves only to 
the case Tr < 10^ GeV. 
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FIG. 4. The contour lines of the reheating temperature Tr in the hybrid inflation model for 
the case M\ ~ 10^^ GeV (a + d = 1). The contour lines are all shown by the dotted lines and 
corresponding values of Tr are also represented in unit of GeV. The upper bound on k from the 
requirement '^n^ < is shown by the thick solid line. The k yielding rriip = ms = 2Mi is also 
shown by the thick solid line. 

energies.) Therefore, only the small region of ms ~ 2Mi, where the reheating temperature 
becomes smaller as Tr ~ 10^-10^ GeV due to the phase volume suppression,[^ is free from 
the cosmological gravitino problem. In this narrow region, we obtain the required lepton 
asymmetry of Ul/s ^ —(0.3-3) x 10"i° [see Eq. (pISl)] to account for the present baryon 
asymmetry. 

Next, we consider the case of Mi ~ 3 x 10^ GeV {a + d = 2). From Fig. ^ it is found 
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In this case, we should include the decay rates (|3l|) and (p3) in estimating Tr. 
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FIG. 5. The contour lines of the reheating temperature Tr in the hybrid inflation model for 
the case Mi ~ 3 x 10^ GeV {a + d = 2). The contour lines are all shown by the dotted lines and 
corresponding values of Tr are also represented in unit of GeV. The upper bound on k from the 
requirement '^n^ < is shown by the thick solid line. The k yielding m^p = niY. = 2Mi is also 
shown by the thick solid line. 

that the required lepton asymmetry of ul/s ~ —10^^° as well as the low enough reheating 
temperature of Tr ~ 10''-10^ GeV|3 are naturally offered in the region oi k % 10^^ and 
A ~ 10~^-10^^. Therefore, we conclude that the hybrid inflation with Mi ~ 3 x 10^ 
GeV can produce a sufficient lepton asymmetry giving a reheating temperature low enough 



to solve the cosmological gravitino problem |15]. However, the reheating temperature of 



In the region of Tr ^ 10^ GeV the formula for the lepton asymmetry Eq. ( |l5|) is justified since 
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Tr ~ 10^ GeV which is required to avoid the cosmological difficulty for the gravitino of mass 
777,3/2 ~ 100-500 GeV, is achieved only in the narrow parameter region of 777^ = 777^ — 2Mi 
as in the previous case {a + d — 1). 
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FIG. 6. The contour lines of the lepton asymmetry n^j s in the hybrid inflation model for the 
case Ml ~ 10-*^^ GeV (a + d = 1). The contour lines are all shown by the thin solid lines and 
corresponding values of hl/s are also represented. We also show the contour lines of the reheating 
temperature by the dotted lines and corresponding values of Tr are also represented in unit of 
GeV. The upper bound on k from the requirement (^jv^ < Mq and the lower bound on k from 
= ms > 1M\ are both shown by the thick solid lines. 
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FIG. 7. The contour lines of the lepton asymmetry ul/s in the hybrid inflation model for the 
case Ml ~ 3 x 10^ GeV (a + d = 2). The contour lines are all shown by the thin solid lines and 
corresponding values oi ul/s are also represented. We also show the contour lines of the reheating 
temperature by the dotted lines and corresponding values of Tr are also represented in unit of 
GeV. The upper bound on k from the requirement (pN^ < Mq and the lower bound on k from 
m^p = ms > 2Mi are both shown by the thick solid lines. 
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We have, so far, identified tlie U{1) gauge symmetry in tlie liybrid inflation model with 
the -B — L symmetry. We now consider the case where the U{1) symmetry is nothing related 
to the B — L symmetry and even completely decoupled from the SUSY standard-model 
sector. The role of the U{1) gauge symmetry is only to eliminate an unwanted flat direction 
in Eq. (PTI). 



In this case the E field may decay through the nonrenormalizable interactions (^3|). On 
the other hand, the decay of the inflaton ip is much suppressed due to the absence of the 
interaction (|19|) . Thus, we introduce a new interaction in the Kahler potential as|3 

K = h(f)*HuHd + h.c. . (41) 

(A natural symmetry allowing the Kahler potential (0) will be discussed in the Appendix 
^) Through this interaction the inflaton may decay faster than the S field for h ^ (9(1)|^ 
and the reheating temperature Tr is given by the decay of the E field. Since the decay rate 
(p^) is very small compared with Eq. (0), the reheating temperature Tr becomes much 
lower than in the previous model. The inflation dynamics is almost the same as in the 
previous hybrid inflation. The difference of the results on various parameters, fi, and 
from those in the previous model may arise, in principle, from the different values of the 



Without the Kahler potential (pi]), the inflaton (p decays through interactions in the Kahler 
potential ~ |A^ip|^p + |A^ip|^p. The rate of this inflaton decay into two A^i is estimated as 

r{p ^ iViiVi) ~ l-{q>fMfm^. (40) 

In this case the inflaton decay is slower than the decay of the E field since = ms > 2Mi [see Eq. 



(34)], and the reheating temperature is determined by the decay rate (pO[). Then, the leptogenesis 
takes place in the inflaton decays into two A''i. (Note that Br — 1 is ensured.) We find that the 
required lepton asymmetry is obtained with lower reheating temperature such as ~ 10^ GeV 
for the region A ~ 10^^-10^"^ and k < 10~^ (see Fig. ^. 

15 We find > Ts for > ~ IQ-^. 
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FIG. 8. The contour lines of the reheating temperature Tr in the hybrid inflation model without 
the B — L symmetry. The contour lines are all shown by the dotted lines and corresponding values 
of Tr are also represented in unit of GeV. The upper bound on k from the requirement ip^^ < Mq 
is shown by the thick solid line. 

reheating temperatures Tr as shown in Fig. ^. However, we find no sizable difference in the 
obtained values of /i, and m^p in between the present and the previous models. 

We turn to estimate the lepton asymmetry in this hybrid inflation model. We find that 
too small lepton asymmetry is obtained for Mi ~ 3 x 10^ GeV {a+d = 2) because of the small 
lepton-asymmetry parameter ei [see Eq. (0)], and hence we concentrate our discussion to 
the case of Mi ^ 10^^ GeV {a + d = 1) in the following analysis. It is clear that the total 
decay rate (Q) of the E field is much smaller than the decay rate of A'^i in Eq. (P) and 
our approximation to derive Eq. (|T5|) is justified. We show the ni/s in Fig. ^ assuming 
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Br = l.|^ It is found that the required lepton asymmetry to account for the present baryon 
asymmetry can be generated in a wide parameter region k ^ 10~^ and A ~ 10^'^- 10^^ with 
the reheating temperature of Tr ~ 10^-10^ GeV. It is extremely interesting that we obtain 
the desired result, ni/s —10"^° and Tr ~ 10^ GeV, for A ^ 10~^ and k < 10"^. As 
shown in Ref. |T2|, we may avoid the overproduction of gravitinos in the full gravitino mass 
region of ^3/2 — 100 GeV- 1 TeV with such a low reheating temperature Tr ~ 10^ GeV. 
Notice that the gravitinos are also produced in the reheating process of the inflaton decay. 
However, they are diluted by the entropy production of the S decays and become negligible. 
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In this model, the S field decays not only into the heavy Majorana neutrinos A'^i but also into 



the SUSY standard- model particles through the nonrenormalizable interactions (33) and hence 
-Br ~ 1 is not automatic. 
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FIG. 9. The contour lines of the lepton asymmetry ul/s in the hybrid inflation model without 
the B — L symmetry for the case Mi ~ 10^^ GeV (a + d=l). The contour lines are all shown by 
the thin solid lines and corresponding values of ul/s are also represented. Here we have assumed 
the branching ratio of S — ^ A^^iA^^i decay channel Br = 1 for the estimation of ul/s. We also show 
the contour lines of the reheating temperature by the dotted lines and corresponding values of Tr 
are also represented in units of GeV. The upper bound on k from the requirement ip^^ < Mq and 
the lower bound on k from m<^ = ms > 2Mi are both shown by the thick solid lines. 
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IV. LEPTOGENESIS IN NEW INFLATION 



As seen in the previous section, the SUSY hybrid inflation with Tr ~ 10^-10^ GeV is 
successful to produce the sufficient lepton asymmetry to account for the baryon number in 
the present universe. However, we need small couplings, k ^ 10^^ and A ^ 10~^ to obtain the 
low reheating temperature Tr ^ 10^-10® GeV. Although this is not a problem in the model, 
it is very important to find other inflation models which naturally produce the required low 
reheating temperature. The new inflation is a well-known candidate for such inflation. 
Therefore, we investigate, in this section, whether the leptogenesis mechanism works in the 
new inflationary universe. 

To perform a definite analysis we propose a SUSY new inflation model,[^ which has the 
following superpotential W and Kahler potential K for supermultiplets (f){x,9) and 

W = x{v'-g<Pn, (42) 

= i0p + ixp + f i0r + ^M'lxi' + f ixr ■ • • , (43) 

where g, ki, k,2 and K3 are constants of order unity, v the energy scale of the inflation, and 
the ellipsis denotes higher order terms. The superpotential ( ^2] ) is naturally obtained, for 
example, by imposing U{1)r x Z„ symmetry. 

From Eqs. (^, and (||) we find a SUSY vacuum,^ 

(0) = (7) " ' (X)=0- (44) 
The potential of scalar fields for 0, x ^ 1 is given by 

Vc^v'- gv' (0" + 0*") + + (1 - - ^sv'\x\', (45) 
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Our discussion below can be also applied to the new inflation model proposed by Izawa and 



Yanagida [29|, which offers a scalar potential for the inflaton field similar to Eq. (|4q). 
We always take g and v'^ real and positive by using the phase rotations of x and 
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where we have also used the same symbols and x fo^' the scalar components of correspond- 
ing supermultiplets and neglected the higher order terms represented by the ellipsis in Eq. 

(il)- 

For g > Q and = /t2 — 1 > 0, we can identify the inflaton field (p with the real part 
of the scalar field 0. Moreover, if < — |, x receives a mass which is larger than (3/2)i7/ 
with the Hubble parameter Hi during the new inflation, and hence x settles down at % = 
quickly. Hereafter, we assume K3 < — | and set x = 0. Then, the inflaton potential near the 
origin {{p ~ 0) is obtained as 



V{^) ..v'- '^vV - ^^V" • (46) 



The slow- roll conditions for the inflation Eqs. (^) and (29) are satisfied when 



< < 1 , (47) 



< ip < ipf = V2 



(1 - ky 



(48) 



gn(n — 1) 

Then, the new inflation takes place when the inflaton p rolls down along the potential Eq. 
(H) from ^ to 

In the true vacuum Eq. (HI), the inflaton p has a mass as 



1 r, 2 



ng"V " . (49) 

We assume that the inflaton decays through nonrenormalizable interactions in the Kahler 
potential such asQ 



The initial value of the inflaton field p should be taken near the local maximum of the potential 
</? ~ to obtain a successful new inflation [^]. There seems no reason to take such an initial value, 
since the potential should be flat enough for p to roll down slowly. However, there have been found 



some dynamical mechanisms |31,32| to solve this initial value problem. 

"^^ Suitable charge assignment of Z„ symmetry for the Higgs supermultiplets and Hd forbids 
a Kahler potential K = (j)*HuHfi- 
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K = Y,X,\<f)\^\^,\^ , (50) 

i 

where ipi denote supermultiplets for SUSY standard-model particles including the heavy 
Majorana neutrinos, and Aj are coupling constants of order unity. Then, the decay rate 
is estimated as 

r.^^EA?(</')X' (51) 

i 

which leads to 

Tr ~ O.O92C"(0)m| , (52) 



where C = yY.ilK]'^ and we take C" = 1 in the following discussion. Then, the scale v 
of the new inflation in Eq. (^) is determined from the e-fold number of the present 
horizon, the amplitude and the spectrum index Ug of the primordial density fluctuations 
6p/p. 

The number of e- foldings A'^e is given by Eq. (0). The present new inflation gives 



^ZX7 + / d^ o , (53) 



where 



and (fijsfe is the value of the fleld ip when the present universe crossed the horizon. Here we 
have assumed that v^Af^ < <^ .0 Then, we find 



V2( 



n-2 



V?Ar, ~ V ^ exp 



1 ( nk — 1 



{n-2)k{l-k) 



(55) 



This condition corresponds to A; ^ l/[Ne{n — 2)]. 
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The amplitude of the primordial density fluctuations 5p/ p due to the inflation should be 
normalized by the data on anisotropies of the CMBR observed by the COBE experiments 
as in the hybrid inflation. From Eq. ( pOf ) we flnd 

5.3 X 10"^ . (56) 



Furthermore, the COBE observations show the spectrum index as = 1.0 ± 0.2 p7|.p^ 



In the present new inflation model the index is calculated as |]29 



ns^l-2k . (57) 

Therefore, we take 0.01 ^ ^ 0.1 in the following analysis assuming the coupling k not 
extremely small .0 

We calculate the scale v for given n, g and k, which are shown in Fig. [1^. The vev (0), 



the inflaton mass and the reheating temperature Tr are found in Figs. 11, 12 and 13 



respectively. From Fig.|T3] we flnd that the new inflation model with the power index = 4, 
5 and 6 naturally offers the low reheating temperature Tr ^ 10® GeV. For the cases n = 7 
and 8, we obtain Tr ^ 10® GeV for the region k ^ 0.05-0.1 and 0.07-0.1, respectively. 



For the case of the scale invariant spectrum we have = 1. 

Notice that our assumption {^pn^ < ^) in deriving Eq. (^3|) is justified (see the footnote 21). 
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FIG. 11. The vev (^) of the new inflation for g = 1. We take the index n as n = 4, 5, 6, 7 and 

from the bottom to the top. 
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g=l 




FIG. 12. The inflation mass of the new inflation for g = 1. We take the index ra as n = 4, 
5, 6, 7 and 8 from the bottom to the top. 




k 

FIG. 13. The reheating temperature Tr of the new inflation for ^ = 1. We take the index n as 

n = 4, 5, 6, 7 and 8 from the bottom to the top. 
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FIG. 14. The lepton asymmetry produced via the decays of A'^i in the new inflation. The index 
n is taken as n = 5, 6, 7 and 8 from the bottom to the top. We take the FN charges a and d as 
a + d = 1. For n = 5, the regions k < 1.2 x 10^^ and k > 4.8 x 10^^ are excluded since < 2M\ 

We turn to discuss the leptogenesis in this new inflation model. Here we also consider 
only the leptogenesis via the decays of the lightest Majorana neutrinos A^^i produced in the 
inflaton decay. As well as in the previous hybrid inflation, the inflaton decay rate ~ 
is much smaller than the decay rate of A^^i in Eq. (|^), and the decays of A^^i occur just after 
produced in the inflaton decay. Thus, the ratio of the lepton-number density rii to the 
entropy density s is also given by Eq. (p^). Notice that the new inflation model with n = 4 



gives so low reheating temperature as Tr ~ 1 GeV-10 GeV (see Fig. 0), that the required 
amount of lepton asymmetry can not be generated [see Eq. (^)] , and hence we discard this 
case. 



For the case n = 5, 6, 7 and 8, we show the produced lepton asymmetry in Fig. and 



Fig. |T5| by taking a + d = 1 and a + d = 2, respectively. Here we have taken a smaller 
value of Ml as Mi ~ e2(a+rf)]^gi4 Qgy |^ggg ]T;q_ obtain a wider allowed region, taking 

account of 0{1) ambiguities in the FN model. 
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FIG. 15. The lepton asymmetry produced via the decays of A'^i in the new inflation. The index 
n is taken as n = 5, 6, 7 and 8 from the bottom to the top. We take the FN charges a and d as 
a + d = 2. 

First, we consider the case a + d = 1 and Mi ~ 3 x 10^^ GeV. In order to allow the 
decay ip —>■ NiNi the infiaton mass should be larger than 2Mi, which excludes the regions 
k < 1.2 X 10^^ and k > A.8 x 10"^ for the case n = 5. We find from Fig. iMl that the 



sufficient lepton asymmetry can be generated for n = 5, 6, 7 and 8 with the low enough 
reheating temperature of Tr ~ 10^-10^ GeV (see Fig. O). It should be noted that the 



required lepton asymmetry rii/s ~ —10^^° is obtained for Tr ~ 10^ GeV when Bj. ^ 1 and 
n = 5, and we can avoid the overproduction of gravitinos even if m3/2 — 100 GeV-500 GeV. 
This is a crucial result in the present analysis. On the other hand, when Mi ~ 10^ GeV 
(i.e., a + d=2), we find from Fig. |l^ that the leptogenesis does not work well.FI 



For the case n=8, we obtain B,^. ^{ul/s) ~ —3 x 10 in the region 10 ^ ^ A; ^ 0.4. However, 
the reheating temperature is Tr > 10^ GeV and hence the cosmological gravitino problem is still 

33 



V. LEPTOGENESIS IN TOPOLOGICAL INFLATION 



Finally, we discuss the leptogenesis in a topological inflation [15]. If the vev of the 
inflaton exceeds the gravitational scale, the inflaton potential PB| ) in the new inflation 
model is nothing but the inflaton potential for the topological inflation 



For example, we consider the SUSY topological inflation model proposed in Ref. [33 
The superpotential and Kahler potential in the model are given by 

W = v\{l-g<p''), (58) 
= Ixl^ + 101^ + f 101^ + «:2[X| VP + f Ixl^ + • • • , (59) 

where v is the energy scale of the inflation, ki, K2 and coupling constants of order unity. 
These potentials possess U{1)r x Z2 symmetry, and the U{1)r charge of (x) is —2 (0) 
and (x) is odd (even) under the Z2. This discrete symmetry is crucial for the topological 
inflation. 

From the scalar potential (p2|), and Eqs. (|58|) and ( p9D we find a SUSY-invariant vacuum, 

(X) = 0, (0) = ^> (60) 

in which the potential energy vanishes. The potential for the region \x\, \4>\ <C 1 is written 
approximately as 

~ t;^[l - g(P^\^ + (1 - K2y\(P\^ - Ksv^lxl'' • (61) 

The scalar components of the supermultiplets are denoted by the same letters as the cor- 
responding supermultiplets. Hereafter, we set x = assuming < —3/4 as in the new 
inflation. For g > and ^2 < 1, the inflaton field (p is identified with the real part of and 
the potential around the origin is given by 

V{^) ^ t;^ - ^vV, (62) 



unsolved in this region. 
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FIG. 16. The inflaton mass and the reheating temperature Tr of the topological inflation 
model. We take {(p) = {(j))cr — l-^Mc. The solid and dot-dashed lines represent and Tr, 
respectively. 



where A; = 2(7 + K2 — 1 .[^ In the true vacuum (|60D the inflaton mass is estimated as 

~ = — . (63) 



A topological inflation takes place if the vev of (p is of order of the gravitational scale 
Mg [0. As verifled in Ref. [Q, it should be 



(0) > (0)cr ^ 1.7 . 



(64) 



The slow- roll conditions Eqs. ( pSj ) and ( pPj ) are satisfled when < < 1 and ip ^ iff where 
is expected to be of order of the gravitational scale and we take iff = 1. 
Then, the scale of this topological inflation is determined by the e-fold number N^., the 

density fluctuations 5p/ p and the spectrum index Ug. The e-fold number can be written as 
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This is nothing but the potential (^) in the new inflation model with n = 2. 
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FIG. 17. The lepton asymmetries, n-^/s, in the topological inflation model for the case a+d = 1 
(the solid line) and a + d = 2 (the dot-dashed line). We take {(j)) = {(p)cr — 1-7Mg- 
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(65) 



We also assume that the infiaton if decays through the interactions in the Kahler potential 
as shown in Eq. (^) and hence the reheating temperature of the topological inflation is also 
given by Eq. (|52D. Sp/p in the topological inflation can be calculated as 



5p 



(66) 



which should be normalized by the COBE data in Eq. (0). Furthermore, the spectrum 
index is given by ~ 1 — 2k, and hence we take 0.01 ^ k ^ 0.1 as in the new inflation 
model. In Fig. |1^ we show the inflation mass and the reheating temperature Tr of 
the topological inflation by taking (0) = {(f))cr — 1-7. We see relatively high reheating 
temperatures compared with those in the new inflation. This is due to a larger value of (0) . 

Since the infiaton mass lies in the region ~ 10^2-10^^ GeV and then the infiaton 
always decays into two heavy Majorana neutrinos Ni for the both a + d = 1 and 2 cases. 
Here we also take the mass of the Ni as Mi ~ 62(a+rf)]^Qi4 Qgy |-ggg -^^ rjj^g infiaton 
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decay rate is much smaller than the decay rate of A^i in Eq. and the estimation of 
the lepton asymmetry in Eq. (pr5D is also justified. The ratio of the lepton number to 
the entropy density, n^/s, in the topological inflation is found in Fig. |17[ For the both 
a + d = 1 and 2 cases, we obtain lepton asymmetry \nL/s\ ^ lO"^*' for Br — 1. However, 
if one requires the low reheating temperature in order to suppress sufficiently the gravitino 
abundance as Tr ^ 10* GeV, the coupling k should he k ^ 0.092. (The lowest reheating 
temperature Tr = 6.3 x 10^ GeV is obtained for k = 0.1.) For k ~ 0.1, the spectrum index 
Hs deviates from the scale invariant one as Us — 0.8, and it will be testable in future satellite 
experiments [^] on anisotropics of the CMBR. 



We should note finally that we may accommodate a late-time entropy production of 
order 10^-10^ in the case of a + d = 1, since the produced lepton asymmetry is large as 
ul/s ~ —10^'' as shown in Fig. |l^. If it is the case, the energy density of the gravitinos is 



diluted by the factor 10 -10 , which allows the region of Tr ^ 10 GeV in Fig. 16. 



VI. DISCUSSION AND CONCLUSIONS 

We have discussed, in this paper, the leptogenesis via the decays of the heavy Majorana 
neutrinos A^i produced non-thermally in the infiaton decay. We have performed a detailed 
analysis on the leptogenesis taking three types of SUSY models for hybrid, new and topo- 
logical infiations, and found that all of them are successful to produce the lepton-number 
asymmetry enough to account for the baryon asymmetry in the present universe. Here we 
have imposed the reheating temperatures Tr ^ 10*^ GeV to suppress sufficiently the density 
of gravitinos for keeping the success of the BBN for 771^/2 ^ 0{1) TeV. However, much lower 
reheating temperature such as Tr ~ 10^ GeV is required fl^ for 7/13/2 — 100 GeV-500 GeV, 



which is only achieved in the hybrid or new inflation model. In other words, the leptogenesis 
is fully consistent with the BBN in a wide range of the gravitino mass of 171^/2 — 100 GeV-1 
TeV in the hybrid or new inflationary universe. It should be noted that the leptogenesis in 
these inflation models are also consistent with a class of the gauge-mediated SUSY breaking 
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models ||3^, because the overclosure problem of the stable gravitino of ^3/2 — 10 MeV-1 



GeV can be avoided when the reheating temperature is Tr ^ 10 GeV p8 |. 

The above hybrid inflation with Tr ^ 10^ GeV is realized by taking small couplings 
k ^ 10~'^ and A ^ 10~'^ (see Fig. 1), which predicts the breaking scale of the U{1) gauge 
symmetry at (\1') = (^) ~ (4-6) x 10^^ GeV. This U{\) breaking produces cosmic strings 
in the early universe. The cosmic strings with such a high breaking scale of 10^^-10^^ 
GeV are very interesting, since they give additional contributions to the anisotropics of the 
CMBR [^], which may be testable in future satellite experiments We should note that 
the scale-invariant spectrum index [us — 1) is also predicted in the hybrid inflation model. 

The successful new inflation with Tr ~ 10^ GeV is given by taking the k ~ 0.01-0.05 



[see Figs. |T3| and [Tj), which yields the spectrum index ^ 0.98-0.90. We expect that 



some parameter region of may be excluded (or confirmed) in the future experiments 



In the present paper, we have assumed the FN model for mass matrices of quarks and 
leptons. However, it is straightforward task to apply the present analysis to another model 
for Yukawa couplings for quarks and leptons to evaluate the asymmetry parameter ei. The 
leptogenesis with more generic Yukawa matrices will be discussed in a future publication [HD 
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TABLE II. The U{l)ji charges of various supermultiplets. 



APPENDIX A: 



In this appendix, we show a symmetry which naturally provides the superpotential (pT 



as well as the Kahler potential ( PD for the inflation supermultiplet 9). It is very crucial 
to suppress W = X'ipHuHd in the hybrid inflation model. 

We adopt U{1)r i?-symmetry and -R-charges of relevant supermultiplets are found in 
Table fl[ We see that the dangerous superpotential W = X'(j)HuHd is forbidden by choosing 
a ^ 1. 

Now we discuss, by taking a = for example, a breaking of U{1)r to induce a Kahler 
potential (|4l|) , which is very important to cause the inflaton decay in the second hybrid 
inflation model as explained in the text. We assume that the U{l)ji symmetry is broken down 
to Za-symmetry by the vev of the S supermultiplet carrying a f/(l)ij-charge +3. Because of 
the positive i?-charge of S the superpotential does not receive any f/(l)/j-breaking effects. 
However, we may have the following Kahler potential: 

K = fE*<f)*H^Hd + h.c. . (Al) 

Then, the non-vanishing vev of the S fleld gives rise to Eq. ( Pl) and the coupling constant 
h in Eq. (|4l|) is given by 

h = f{E*) . (A2) 
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